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-Abstract:  In this work, we report that the Hawking radiation effect on fermions is 
fundamentally different from the case of scalar particles. Intrinsic properties of 
fermions (exclusion principle and spin) affect strongly the interaction of fermions 
with both Hawking radiation and metric of the spacetime. In particular we have found 
the following: first, while the fermion vacuum state seen by the Rindler observer is an 
entangled state in which the right and left Rindler wedge states appear in correlated 
pairs as in the case of the scalar particles, the entanglement disappears in the excited 
state due to the exclusion principle; second, the spin of the fermion experiences the 
Winger rotation under a uniform acceleration; and third, the quantum information of 
fermions encoded in spin (entangled state is composed of different spin states but with 
the same mode function) is dissipated not by the Hawking radiation but by the Wigner 
rotation as the pair approaches the event horizon.  
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Hawking radiation [1-4] (quantum thermal radiation from the black hole) and its 
effect on information loss  [5-12] have been a serious challenge to modern physics 
because they require a clear understanding of phenomena ranging from gravity to 
quantum information theory. Hawking radiation, also called Hawking-Unruh effect, is 
the origin of the black hole information paradox [5-12]. The problem is that black 
holes appear to absorb the quantum information as well as the matter, yet the most 
fundamental laws of physics demand that this information should be preserved as the 
universe evolves. Key question is whether the pure quantum state decays into mixed 
states or there is any quantum information left. The essence of Hawking radiation on 
the scalar particles is that an observer at rest outside a black hole or a uniformly 
accelerated observer (Rindler spacetime) in the flat spacetime sees a thermal bath of 
particles [13-15]. On the other hand, Hawking radiation effect on fermions (particles 
with half-integer spin) and information loss is not so well understood.  
In this paper, we report that the Hawking radiation effect on fermions is 
fundamentally different from the case of scalar particles. Our study shows that the 
intrinsic properties of fermions (exclusion principle and spin) affect strongly the 
interaction of fermions with both Hawking radiation and metric of the spacetime. In 
particular we have found the following: first, while the fermion vacuum state seen by 
the Rindler observer is an entangled state in which the right and left Rindler wedge 
states appear in correlated pairs as in the case of the scalar particles, the entanglement 
disappears in the excited state due to the exclusion principle; second, the spin of the 
fermion experiences the Winger rotation [16,17] under a uniform acceleration; and 
third, the quantum information of fermions encoded in the spin degrees of freedom is 
dissipated not by the Hawking radiation but by the Wigner rotation. As a result, 
information loss mechanism near the black hole for fermions is quite different from 
the case of scalar particles. Part of the information survives for scalar particles [18]. 
For fermions, it is dissipated irreversibly into the curvature of the spacetime.  
The basic entity of quantum information is the entanglement [19].  So far, most of 
the studies on the Hawking radiation and information loss have been done for scalar 
particles. When entangled scalar particles are under the influence of strong 
gravitational field of the black hole, its entanglement is affected by the Hawking 
radiation [16,18,19]. Hawking radiation can be thought as the squeezed state 
composed of the entangled states inside and outside the black hole [18,20,21]. 
Information loss near the black hole is related to the mutual information [18]. It was 
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shown that the mutual information converges to unity when one of the entangled pair 
is absorbed by the black hole [18].  This indicates implicitly that part of the 
information is hidden in the squeezed vacuum.  
-Hawking-Unruh effect for fermions: It would be an interesting question to ask 
whether Hawking radiation also exists for fermions. Recently it was shown that 
Hawking radiation exists for massive Dirac fermion vacuum state [22-25]. In this 
paper, we consider entangled fermions in the non-inertial frame and show that the 
quantum information would be irreversibly lost when it is absorbed by the black hole. 
The event horizon of the black hole thus acts like a dissipative quantum channel 
[26,27]. The information is dissipated into the metric of the curved spacetime. Our 
results are summarized in Table 1.  
The essential feature of the Hawking radiation apart from the complications due to 
the curvature of the spacetime of the black hole is contained in much simpler situation, 
so called Rindler spacetime [13-15] involving the uniform acceleration of a moving 
observer Rob and a stationary observer Alice in the flat spacetime. The Schwarzschild 
spacetime near the event horizon resembles Rindler spacetime in the infinite 
acceleration limit. Especially, the infinite acceleration limit corresponds to Rob 
moving on a trajectory arbitrarily close to the Rindler horizon in the context of a black 
hole and Alice falling into the black hole. Let Alice be an observer at event P with 
zero velocity in Minkowski spacetime and non-inertial observer Rob be moving with 
positive uniform acceleration in the x direction with respect to Alice (Fig. 1). Rob is 
initially moving in the negative direction but comes to stop at event P where Alice is 
located before moving off in the positive x direction. Rob’s trajectory is a hyperbola 
in the right Rindler wedge labelled region I and bounded by the asymptotes H−  and 
H+  which represent Rob’s past and future horizons. If Rob is under a uniform 
acceleration, the corresponding vacuum state should be specified in Rindler 
coordinate in order to describe what Rob observes.  
Let’s denote the vacuum states for Alice and Rob in Minkowski spacetime as 
| OA 〉M and | OR 〉M , respectively. The Minkowski fermionic vacuum state for Rob can 
be expressed in terms of Rindler region I and II Fock states as [22-25] 
 
  
OR 〉M = 1(e−2πΩ +1)1/ 2 (−1)
n
n= 0,1
∑ e−nπΩ n Iv k σ ⊗ nc II − v k σ ,  
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where Ω is the energy( a/ω ),   the wave vector, v k σ  the spin of the particle. c  is the 
charge conjugation (anti particle), and n〉 I  and nc 〉 II are the mode decompositions in 
region I and II, respectively. We also define the vacuum states in regions I and II as 
IkI
00 =σv and IIkIIc 00 =σv . 
The particle creation and annihilation operators for the Rindler space-time are 
expressed as b  and  , respectively. Here, the subscript η
† bη η = I  or II , takes into 
account the fact that the space-time has an event horizon, so that it is divided into two 
causally disconnected Rindler wedges I and II (Fig. 1). The Minkowski operators  
and  can be expressed in terms of the Rindler operators b  and  by Bogoliubov 
transformations [22-25]:  
aR
†
aR η
† bη
  
aRv k σ
† = 1
2coshπΩ e
πΩ / 2bIv k σ
† − e−πΩ / 2bII − v k σc( ),  aRv k σ =
1
2coshπΩ e
πΩ / 2bIv k σ − e−πΩ / 2bII − v k σc†( ). 
The state Rob observes is restricted to the right Rindler wedge, i.e., region I, in 
which his motion is confined. Hawking-Unruh effect for the fermionic particles can 
be expressed as  
  M
OR bIv k σ
† bIv k σ OR M = 11+ e2πΩ , 
which says a non-inertial observer with uniform acceleration (or an observer near the 
event horizon of the black hole) would see thermal quantum fields. 
Excited state for Rob in Minkowski spacetime is then obtained by applying the 
Minkowski creation operator  to the vacuum state: aR
†
  
1R M = aRv k σ† OR M
         = 1
2coshπΩ e
πΩ / 2bIv k σ
† − e−πΩ / 2bII − v k σc†( ) 1(e−2πΩ +1)1/ 2 (−1)nn= 0,1∑ e−nπΩ n Iv k σ ⊗ nc II − v k σ
         = 1 Iv k σ ⊗ 0 II − v k σ = 1 Iv k σ ⊗ 0 II
.  
Above result shows the fundamental difference of the fermionic vacuum state and the 
excited state seen by a moving observer Rob. While the ground state is the fermion 
entangled state in which the right and left Rindler wedge states appear in correlated 
pairs, the entanglement disappears in the excited state due to the exclusion principle.  
As a result, Rob in the excited state would not see the quantum bath populated by 
thermally excited states any more.  Very recently, Alsing et al. also reported that the 
excited state is separable [25]. Their analysis is focused on the entanglement of mode 
states instead of the spin state entanglement. 
 4
-Wigner rotation in curved space:  So far we have treated the spin of the particle 
is stationary. In general it is not stationary even if the world line is. The description of 
spin requires the introduction, at each point, of an independent Lorentz coordinate 
frame, combined with the demand of invariance under local Lorentz transformations 
[28]. The relation between the local and the general coordinate system is conveyed by 
a family of vector fields called tetrads ea
μ (x) , a = 0, 1, 2, 3 , which respond to 
general coordinate transformations and local Lorentz transformations as [28] 
e a
μ (x ) = ∂x 
μ
∂xν ea
ν (x)  and  e a
μ (x) = Λa beb μ (x) , respectively. The metric tensor g  is 
related to the tetrads by g
μν
μν = ea μebνηab , where ηab  is the metric tensor for 
Minkowski spacetime. The dual basis ?θ a{ } is defined by . Then we have 
. Throughout the paper, we are using the Latin letters for 
four local inertial coordinates and the Greek letters for general coordinates. We also 
note that an infinitesimal displacement in curved spacetime can be viewed as the 
Lorentz transformation in the local inertial frame [29].  For an infinitesimal 
coordinate transformation, we get [28] 
μμθ dxeaa =ˆ
ba
abdxdxg θθηνμμν ˆˆ ⊗=⊗
e a
μ (x + δx) − e a μ (x) → δxλ ∂∂xλ ea
μ (x) + δxλeaν (x)Γμνλ(x) = δx λ∇λea μ (x),  
where Γμνλ  is the affine connection and ∇λ  is the covariant derivative.   
We also have δxλ∇λeaμ = δω b aebμ , with δω b a = δxν ecν Γb ca  and Γb ca = ebκecλ∇λeaκ . 
Here, we have used the following orthogonal properties of tetrad ea
μ (x)  and its 
inverse : eμ
a (x) ea
μ (x)eν
a (x) = δνμ,    eaκ (x)eκ b (x) = δab . Since any vector V is 
independent of the basis, it follows that V μ = ea μV a and . It is 
straightforward to show that 
V a = eμ aV μ
abba δωδω −= , so the infinitesimal local Lorentz 
transformation is give by 
ea μ (x) → Λa b (x) eb μ (x),   Λb a (x) = δab − δω b a (x) ,  
where the connection one form δω a b  is also obtained from  [28]. 
The Hilbert space vector for a spin 1/2 particle is then defined on the local inertial 
frame spanned by the tetrads. On the tangent plane defined by the basis , an 
infinitesimal Lorentz transformation 
0ˆˆ =∧+ bbaad θδωθ
ea
μ (x){ }
Λ  induced by a coordinate displacement 
transforms vectors in the Hilbert space by the transformation rule [16,17] 
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1 Iv k σ → Dσ σ( j )(W (Λ,ka ))
σ 
∑ 1 IΛv k σ ,   
Here, W(Λ, p) is Wigner’s little group element, D( j )(W )  the representation of W  for 
spin    j,  k a = (
v 
k ,k 0 ),  (Λk)a = (Λr p ,(Λp)0) with a = 1, 2, 3, 0 , and  L(p) is the Lorentz 
transformation  ka = La bκ b , and κ b = (m,  0, 0, 0) is the four-momentum taken in the 
particle’s rest frame. The infinitesimal displacement causes the spin of the particle 
transported to one local inertial frame to another. Throughout the paper we use units 
c = G = 1. Here c is the speed of light. The signature of the metric is defined as 
. (−,  +,  +, +)
From the metric of the Rindler spacetime [14],  
33221100222222 ˆˆˆˆˆˆˆˆ θθθθθθθθξηξ ∧+∧+∧+∧−=+++−= dzdyddds , 
we obtain the connection one-form δω 01 = −dη , η = aτ , ξ =1/a , and the other 
connection one-forms are zero.  Here τ  is the proper time and dη = adτ . 
The Wigner matrix is defined by [16,17] D(W (Λ,k)) = D−1(L(Λ(k))D(Λ)D(L(k)) .  
After some mathematical manipulations, we obtain:  
D(W (Λ,k)) = Acosh(dη /2) + Bsinh(dη /2)( )I − Asinh(dη /2) + Bcosh(dη /2)( )σ1 , 
where A =1− K
2dη
(1− K 2)mk1 ,   B =
Kdη
(1− K 2)mk1 , σ1 =
0 1
1 0
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ , and K =
k 0 − m
k 0 + m
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ 
1/ 2
. We 
assumed that the momentum four vector at the event P is given by 
k 0 = mcoshδ,   k1 = msinhδ . 
Let’s assume that at the event P, Alice and Rob initially share a maximally entangled 
state of fermion (spin ½) particles : 
 
1
2
1A Mv k σ 3 ⊗ 1 Iv k σ 3 + 1A Mv k −σ 3 ⊗ 1 Iv k −σ 3( ). Here 
we consider the entanglement of spin and 3σ  is the spin in the z direction. The 
infinitesimal displacement from the event P changes the state into 
  
ΨAR = 12 1A Mv k σ 3 ⊗ D(W (Λ,k)1 Iv k σ 3 + 1A Mv k −σ 3 ⊗ D(W (Λ,k)1 Iv k −σ 3( ).  
 
-Fermion entanglement and mutual information in Rindler spacetime: The density 
operator seen by Rob in the moving frame is ρAR = ΨAR ΨAR . In order to find the 
entanglement condition, we need to calculate the eigenvalues of the where ρART2 T2  is 
the partial transposition (PT) with respect to Rob. One of the eigenvalues will be 
negative as long as Alice and Rob is entangled [30]. The measure of the entanglement 
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is an entanglement monotone EN , which is related to the negative eigenvalue λ− by 
EN = 2 | λ− |≈ exp − 2K
2dη
(1− K 2)sinhδ
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ . When both Alice and Rob are stationary (zero 
acceleration), EN  is equal to one. On the other hand, in the infinite acceleration which 
corresponds to the case of Alice falling into the black hole, EN → 0, asymptotically.  
The amount of correlation in the joint state of Alice and Rob is estimated by 
calculating the mutual information, which measures how much information Alice and 
Rob have in common [19]. The mutual information is defined by 
I(ρAR ) = S(ρA ) + S(ρR ) − S(ρAR ) , where S(ρ) = −tr(ρ log2 ρ)  is the von Neumann 
entropy.  After some mathematical manipulations, we obtain 
I(ρAR ) ≈ − 12 exp − 1+
2K
(1− K)sinhδ
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ dη
⎡ 
⎣ ⎢ 
⎤ 
⎦ ⎥ log2
1
2
exp − 1+ 2K
(1− K)sinhδ
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ dη
⎡ 
⎣ ⎢ 
⎤ 
⎦ ⎥ 
⎧ ⎨ ⎩ 
⎫ ⎬ ⎭ 
             − 1− 1
2
exp − 1+ 2K
(1+ K)sinhδ
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ dη
⎡ 
⎣ ⎢ 
⎤ 
⎦ ⎥ 
⎧ ⎨ ⎩ 
⎫ ⎬ ⎭ log2 1−
1
2
exp − 1+ 2K
(1+ K)sinhδ
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ dη
⎡ 
⎣ ⎢ 
⎤ 
⎦ ⎥ 
⎧ ⎨ ⎩ 
⎫ ⎬ ⎭ 
             − 2K
2dη
(1− K 2)sinhδ exp −
2K 2dη
(1− K 2)sinhδ
⎛ 
⎝ ⎜ 
⎞ 
⎠ ⎟ .
 
When both Alice and Rob are stationary (zero acceleration), I(ρAR ) is equal to 2. As 
the acceleration increases, it decreases and eventually converges to zero in the limit of 
infinite acceleration. On the other hand, the mutual information of scalar particles is 
converging to unity [18] when Alice is absorbed by the black hole. Part of Alice-Rob 
entanglement is shared by the states in region I and II because Rob’s state is 
composed of squeezed state of region I and II. However, in the case of fermions, 
Alice-Rob entanglement is no longer shared with the state in region II. 
The present results show that the quantum information encoded in the spin degrees 
of freedom (entangled state is composed of different spin states but with the same 
mode function) is dissipated not by the Hawking radiation but by the Wigner rotation 
of spin in curved space.  In this work, the effect of final state boundary condition [10-
12] of the black hole evolution is not considered and will be left as a future work.  
In summary, the effects of Hawking radiation and Wigner rotation on the fermion 
entangled pair are studied. We found that the Hawking radiation effect on fermions is 
different from the case of scalar particles. While the fermion vacuum state seen by the 
Rindler observer is an entangled state in which the right and left Rindler wedge states 
appear in correlated pairs as in the case of the scalar particles, the entanglement 
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disappears in the excited state due to the exclusion principle. The spin of the fermion 
experiences the Winger rotation under a uniform acceleration. The quantum 
information of fermions encoded in spin (entangled state is composed of different spin 
states but with the same mode function) is dissipated not by the Hawking radiation 
but by the Wigner rotation as the pair approaches the event horizon..  
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Table 1 Summary of Hawking radiation effect on scalar particles and fermions. 
 
 Scalar Particles* Fermions (this work) 
Vacuum state 
OR 〉M = 1cosh r tanh
n r n〉 I ⊗ n〉 II
n= 0
∞∑  
with r  the acceleration parameter defined by 
tanh r = exp(−2πΩ),  Ω =| k | c /a,  
where k is the wave vector,  is the speed 
of light, and 
c
n〉 I  and n〉 II are the mode 
decompositions in region I and II, 
respectively. 
 
Bogoliubov transformation: 
aR
† = bI† coshr − bII sinhr . 
The particle creation and annihilation 
operators for the Rindler space-time are 
expressed as bσ
†  and  bσ , respectively. 
= 1
(e−2πΩ +1)1/2 (−1)
n
n=0,1
∑ e−nπΩ n Iv k σ ⊗ nc
 
OR 〉M II− v k σ
 
Here Ω  is the energy, the wave 
vector, 
  
v 
k 
σ  the spin of the particle. c  is 
the charge conjugation (anti particle), 
and n〉 I  and nc 〉 II are the mode 
decompositions in region I and II, 
respectively. 
 
Bogoliubov transformation: 
 
aRv k σ
† = 1
2coshπΩ e
πΩ / 2bIv k σ
† − e−πΩ / 2bII − v k σc( )
(ref. 19) 
Excited state = aR† OR1R 〉M M
        = 1
cosh2 r n= 0
∞∑
2R
tanhn r n +1 n +1〉 I ⊗ n〉 II
n= 0
∞∑M = 1cosh3 r tanhn r (n +1)(n + 2) n + 2〉 I ⊗ n〉 II
… 
Excited states are all entangled. 
 
IIkIMRkRMR
Oa 011  ⊗==〉 σσ vv  
Excited state is the product state. 
Cause of 
Information  
loss 
 
Hawking radiation 
 
Wigner rotation of spin 
Mutual 
Information 
at zero 
acceleration 
for entangled 
pair 
 
 
2 
 
 
 
 
2 
Mutual 
Information 
at infinite 
acceleration 
for entangled 
pair (Alice is 
absorbed by 
the black 
hole) 
 
 
 
1 
 
 
 
0 
 
* Summarized from refs. 12, 16 and 18. 
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Figure legend 
 
Figure 1 Rindler spacetime. In region I and II, time coordinates η = constant are 
straight lines through the origin. Space coordinates ζ =constant are hyperbolae with 
null asymptotes H+ and H− , which act as event horizons. The Minkowski coordinates 
t, x  and Rindler coordinates η, ζ  are given by t = a−1 exp(aζ )sinh aη  and 
x = a−1 exp(aζ )cosh aη , where a is a uniform acceleration (ref. 11). We consider the 
case of Alice in stationary and Rob (green hyperbola) under uniform acceleration. 
Alice and Rob initially share a maximally entangled state of fermion (spin ½) 
particles at the event P.  
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